ABSTRACT: We demonstrate the highly efficient (>50%) conversion of freely propagating light to channel plasmon-polaritons (CPPs) in gold V-groove waveguides using compact 1.6 μm long waveguidetermination coupling mirrors. Our straightforward fabrication process, involving UV-lithography and crystallographic silicon etching, forms the coupling mirrors innately and ensures exceptional-quality, waferscale device production. We tailor the V-shaped profiles by thermal silicon oxidation in order to shift initially wedge-located modes downward into the V-grooves, resulting in well-confined CPPs suitable for nanophotonic applications.
W aveguide configurations based on surface plasmonpolaritons (SPPs) possess unique scaling properties that allow one to concentrate light beyond the diffraction limit. 1−5 This unique feature of SPP-based waveguides along with ongoing advances in fabrication technology has signaled the possibility of developing a new generation of subwavelength-integrated optical waveguides, 6−10 circuits, 11, 12 and devices. 13−15 Accordingly, V-shaped grooves in metals supporting channel plasmon-polaritons (CPPs) 16 represent a particularly promising plasmonic waveguide configuration by providing a competitive confinement-loss trade-off in addition to efficient broadband transmission around sharp bends. 17, 18 As a result, V-groove-supported CPPs have enabled the demonstration of ultracompact plasmonic circuit components 19, 20 and novel nanofocusing elements. 21, 22 However, the viability of plasmonic V-grooves for significant implementation requires a convenient approach to efficiently excite the CPP modes, that is, bridging the photon-plasmon momentum mismatch, 1 that can be realized with affordable fabrication techniques. 23−25 To date, CPP excitation has typically involved end-fire coupling, 16 a method that requires a cleaved sample end-facet after fabrication. Sample cleaving is a cumbersome procedure that deteriorates the quality of the waveguide entrance and leaves it prone to further damage. Moreover, end-fire coupling requires the use of finely tapered polarization-maintaining single-mode optical fibers, where the coupling efficiency is critically and uniquely sensitive to their position and orientation. This problem applies in general to SPP-based waveguide configurations and has motivated the investigation of numerous directional nanoantenna configurations to conveniently launch plasmons via normally incident light, such as Yagi-Uda design, 26−28 single element, 29, 30 phaseengineered, 31 nanopatch, 32, 33 and Bragg resonator type arrangements. 34, 35 Such SPP launchers avoid the need for cleaving procedures, maintain the mobility of device samples and locally excite the plasmon modes. Their merits may be further assessed by combining coupling efficiencies and compactness with particularly impressive results from Baron et al. (52% incoupling, 8 μm long Bragg resonator) 35 and Kriesch et al. (45% in-coupling, 60% out-coupling, 1 μm 2 Yagi-Uda design antenna). 28 Recently, Radko et al. developed a coupling arrangement to excite V-groove-supported CPPs via normally incident illumination by tapering the waveguide terminations to form angled nanomirrors. 36 These nanomirrors facilitated the unidirectional launching of CPPs into nanoscale V-groove waveguides and occupied only subwavelength dimensions, although the maximum in-coupling efficiency was ∼10% and like the arrangements mentioned above required an expensive and time-consuming fabrication method such as focused ion beam (FIB) milling or electron beam lithography (EBL).
In this Letter, we demonstrate the experimental excitation of V-groove-supported CPPs with an in-coupling efficiency of over 50% using freely propagating light directed at normal incidence onto waveguide termination mirrors. The compact termination mirrors are 1.6 μm in length along the V-groove axis, each occupying a total planar area of ∼5.2 μm 2 . The fabricated V-grooves and termination mirrors are both defined during the same conventional UV-lithography step which, combined with chemical etching of silicon crystallographic planes, forms the reproducible, high-quality profiles innately in a parallel, wafer-scale process. The silicon V-groove cross sections are tailored by thermal oxidation of the silicon substrate (before metal deposition) to sharpen the groove angle in order to ensure the existence of well-confined CPP modes. The experimental observations, coupling efficiencies and cross section tailoring, are supported by finite element method (FEM) calculations.
The fabrication procedure of our gold V-grooves waveguides and termination mirrors is depicted in Figure 1a . The process is improved upon previous works, 23−25 here involving conventional UV-lithography and a thermally grown silicon dioxide (SiO 2 ) layer on silicon to modify the V-shape geometry. Initially, a 200 nm SiO 2 layer on the silicon substrate is patterned by both UV-lithography and reactive ion etching to define the perimeter of the V-groove devices. The V-grooves and termination mirrors are formed by anisotropic wet etching of the exposed silicon in a potassium hydroxide (KOH) bath at 80°C. The KOH etch yields smooth ⟨111⟩ V-groove sidewalls and termination mirrors with a fixed inclination of 55°from the surface plane. Curvature rounding of the V-groove perimeter during the UV step, which may be up to several hundred nanometers from features inherent to the UV mask or through processing steps, nevertheless yields excellent mirror formation due to the nature of the crystallographic etch. It is necessary that the patterning of the SiO 2 layer is well-aligned with the crystal ⟨100⟩ planes of the silicon substrate. The remaining SiO 2 is removed by etching in a hydrofluoric (HF) acid bath. Tailoring of the V-shape geometry is performed by thermal wet oxidation of the silicon V-grooves at 1150°C for 9 h, resulting in a 2320 nm thick SiO 2 layer at flat sections of the substrate. The V-groove widths are 3.5 ± 0.1 μm before thermal oxidation and 3.2 ± 0.1 μm at the extreme edges after. Scanning electron microscope (SEM) images of device cross sections with and without the oxidation step are shown in Figure 1b ,c. The metal is deposited by electron beam evaporation: first a 5 nm layer of chromium to promote adhesion before the 70 nm layer of gold. The gold layer is chosen to be sufficiently thick to eliminate interaction of air−interface plasmons with the SiO 2 layer and to also minimize aggregation. A SEM image of a complete device is shown in Figure 1d with a total length, including mirrors, of 16 μm.
The device design is performed via two-dimensional (2D) FEM calculations in COMSOL at a free space wavelength of λ 0 = 811 nm. The magnitude of the electric field distributions for fundamental plasmonic V-groove modes are plotted in Figure 2 , corresponding to devices of varying SiO 2 layer thickness: (a) 0, (b) 1320, (c) 1720, and (d) 2320 nm. To represent the thermal oxidation step, the cross-section profiles are generated by numerical process simulations in ATHENA. 37 The numerically derived profiles enable predictions of the electric field distribution to be made and also yield finer detail in proximity to the bottom of the V-groove than SEM images can provide. A 5 nm radius of curvature is further introduced to the bottom of the V-shape to address real-world feature rounding and avoid computation singularities; this value is supported by measurement-calculation comparisons. In Figure  2a , it is evident that only wedge-based modes exist for the case without oxidation. In Figure 2b −d, a thermally grown SiO 2 layer is shown to lead to a modified geometry with sharper Vshaped profiles and subsequently increased confinement of the electric field distribution toward the bottom of the waveguide. A well-defined CPP mode can be observed for the case of largest SiO 2 thickness in Figure 2d .
An illustration of the experimental configuration is shown in Figure 3a , portraying the optical path of light in the V-groove devices. The output-to-input signal ratio can be expressed as P o /P i = η i η o e −x/α where η i and η o are the in-coupling and outcoupling efficiencies and α corresponds to the propagation length (1/loss) of the CPP intensity along the V-groove waveguide. To characterize the V-groove modes and coupling efficiencies we use the optical setup sketched in Figure 3b . The emission from a monochromatic continuous-wave fiber-coupled diode laser at a free space wavelength of λ 0 = 811 nm (full width at half-maximum (fwhm) = 0.3 nm) is guided into the optical path of an inverted microscope. The polarization of the incident light is controlled by a linear polarizer, installed prior to a beam splitter, before the light is focused onto the sample using a 50× magnification, 0.8 numerical aperture (NA), 1 mm working distance microscope objective. The microscope provides an additional 1.5× magnification for a total of 75× magnification. The sample is mounted onto an XY (in-plane) piezoelectric translation stage (positional accuracy <1 nm) to assist with optimization of the in-coupling efficiency. The light from the sample is imaged via the same objective where it passes through the beamsplitter to a detector. The detector is a PHOTOMETRICS −70°C cooled vacuum-sealed linear electron multiplying charge-coupled device (EMCCD) with a 512 × 512 pixel array (16 μm)
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. The EMCCD gain is set to 0 to maximize the dynamic range of the image and maintain its linearity response. The spot size of the focused laser beam is measured to have a fwhm of 1.1 μm, acquired from an image of the light reflected from a flat gold surface.
To verify the earlier 2D electric field calculations and also determine the nature of the propagating modes, we illuminate V-groove waveguides, both without SiO 2 ( Figure 3c ) and with a 2320 nm SiO 2 layer (Figure 3d) , and capture the resulting images using a 50 ms exposure time with 25-frame averaging. The V-groove device without oxidation is seen to only support wedge-based modes with the beam focus set close to the surface plane. As the focal plane is moved deeper into the groove, the wedge-mode pair disappears and no clear single intensity peak can be found. However, the V-groove device with the SiO 2 layer shows a clear single intensity peak as the focus is located deeper within the groove, in agreement with the calculations represented in Figure 2 . Wedge-based modes may still be observed in the device with the SiO 2 layer, also in agreement with calculations, but they are considerably weaker than those exhibited by the device without the SiO 2 layer. To further investigate the single intensity peak, we rotate the incident polarization by 90° (Figure 3e ) and observe close to a factor of 10 reduction in the relative intensity of out-coupled light. This out-coupled light is degenerate about the V-groove axis and supports the assumption that the waveguide mode is a V-groove CPP with a predominantly TE-polarization of the electric field (i.e., parallel to the surface plane and perpendicular to the groove axis) with a very weak longitudinal component. In order to find the propagation length of the V-groove CPPs, and hence the in-coupling and out-coupling efficiencies, we measure the ratio of the out-coupled power over the incident power, P o /P i , for varying V-groove lengths. We first measure the incident power by acquiring an image of the laser beam focused on and reflected from a flat gold surface and integrating the pixel values over a region wholly containing the laser spot. Likewise, the output power is measured using an integration region wholly containing the out-coupled signal. The background signal offset is removed by subtracting the power values in the integration windows while the laser source is turned off. To achieve maximum coupling efficiency, the incident light spot is positioned and focused accurately onto the termination mirror, determined by translating the piezoelectric stage and focal position until the out-coupled power, P o , is maximized. In particular, the same focal plane is maintained relative to each termination mirror for the devices with different V-groove lengths by finding the optimal focus on a V-groove with large signal-to-noise ratio (SNR) and then translating the groove aside by 5 μm to obtain the incident spot size on the adjacent flat section. Reversing this procedure, first adjusting the focus on a 5 μm-adjacent section to obtain the previously obtained spot size, then ensures the same relative focal plane is achieved for subsequent V-groove devices to be investigated. Figure 4f . The data is fitted with an exponential decay curve where the intensity propagation length is found to be 5.2 ± 0.1 μm. For comparison, the curve corresponding to the calculated propagation length from 2D FEM simulations is plotted on the same graph. The error bars represent the full width at tenthmaximum (fwtm). A semilog plot of the same data is included in the inset, indicating the increased relative error for longer Vgrooves due to the decreasing SNR.
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To determine the coupling efficiencies of our devices under direct illumination, we numerically calculate the optical behavior using 3D FEM simulations. In order to represent the experiment, the freely propagating light at λ 0 = 811 nm is defined with a Gaussian beam of 1.1 μm spot size impinging on a termination mirror of a V-groove device with SiO 2 thickness 2320 nm. The resulting solution that considers the in-coupling mirror is shown in Figure 5a , taken as the slice along the Vgroove axis normal to the sample surface (Figure 5b) . We evaluate the in-coupling efficiency as the ratio of the Poynting vector along the V-groove waveguide, integrated over the CPP mode distribution in the groove (P CPP ), to the Poynting vector normal to the device integrated over the laser beam (P i ). We find an in-coupling efficiency of η i = 51.7%. We attribute the calculated 5-times increase of in-coupling efficiency over previous nanomirror results 36 to the larger mirror collection region and favorable curved profile caused by the SiO 2 layer. This is despite the negative effect caused by the average mirror angle being steeper than the 45°optimum 36 and that the convex shape varies this angle yet further away for the region close to the V-groove bottom.
To determine the out-coupling efficiency, we perform calculations for a system with both termination mirrors and find the Poynting vector of the light out-coupled from the mirror perimeter integrated within the NA determined by the microscope objective (P o ). A reference calculation is performed without the out-coupling mirror to remove scattered components that propagate outside the NA. We find an efficiency product, η = η i η o , of 39.2% and, therefore, an outcoupling efficiency of η o = 75.9%. We attribute the fact that this value for η o is lower than total out-coupling due to deviation of the mirror profile away from being flat and inclined at 45°, causing a portion of the out-coupled light to emit outside the microscope objective's cone of acceptance.
The measurements shown in Figure 4 yield an experimental mirror efficiency product of 35.8 ± 0.4%, which is an 8.8% decrease from the calculation. After accounting for the experimental reduction in propagation length, 5.2 μm versus 5.7 μm via calculation, and applying the remaining experimental decrease evenly to the two mirrors, an estimate for the experimental efficiency each mirror can be found, being η i = 51.4% and η o = 75.5%. The experimental value will slightly overestimate the total out-coupled power due to the imperfect reflectance of the flat gold surface used for taking reference measurements, although this value is not expected to decrease the value of the mirror coupling efficiencies by more than a percentage point since the absorption of gold at our operating wavelength is very low. The large in-coupling efficiency of the experiments, in addition to the reasons mentioned above for the calculation, are attributed to the smooth gold surface facilitated by the crystallographic etch and thermal SiO 2 growth processes. The calculated, measured, and estimated values for the mirror coupling efficiencies are summarized in Table 1 .
In summary, we have demonstrated the efficient and convenient in-coupling of normally incident, freely propagating light to gold V-groove CPPs via compact 1.6 μm-length (5.2 μm 2 planar area) waveguide termination mirrors. Our measurements and calculations have shown in-coupling efficiencies over 50% and out-coupling efficiencies over 75%, representing remarkably high values that compare favorably with state-of-the-art demonstrations. In addition, the sample fabrication, involving conventional UV-lithography and crystallographic silicon etching, avoids the necessity of high-cost, serial writing techniques such as FIB or EBL to form high quality plasmonic structures. Furthermore, the fabrication process forms smooth termination mirrors inherent to the crystallographic etch step and paves the way toward parallel, wafer-scale production of devices that are both effective and straightforward to use. The V-shaped profiles formed by the silicon crystal planes, initially beyond the regime for supporting the desired CPP modes, are tailored by thermal SiO 2 growth to allow the V-grooves to support CPPs suitable for integration in highly confined nanophotonic systems. The wedge modes, while beyond the scope of this Letter, exhibit unique properties in their own right with propagation lengths up to 40 μm, also tailorable by thermal SiO 2 growth, and they exist in both the symmetric and antisymmetric electric field orientation configurations. The crystallographic formation of V-grooves, previously noted for being unable to form curved waveguides, 25 should nevertheless be able to form right-angled turns, which would open up new possibilities for deploying the V-groove waveguides in more sophisticated systems and is especially interesting considering the V-groove CPPs have been shown to propagate around sharp bends with minimal losses. 19 Finally, we remark that the coupling configuration of this work is especially ideal for efficient excitation of plasmonic elements collinearly through a microscope objective, such as for integrated lab-on-a-chip devices, or for facilitating efficient inter-and intrachip communication in planar or multileveled photonic information processing systems. 
